ABSTRACT Predation is bel~eved to be a major source of mortal~ty for larvae of benthlc Invertebrates, but the palatab~hty of larvae commonly found In the water column has rarely been assessed Larval palatability assays were conducted by collecting live invertebrate larvae from a temperate f~e l d slte and offerlng them to a suite of common predators (the flshes Lagodon rhomboides, Leiostomus xanthurus, and Monacanthus h~s p~d u s and the hard coral Ocul~na arbuscula) By crushing larvae that were rejected intact and re-offering them to pledators it was poss~ble to distinguish between defenses based on morpholog~cal and chemical character~stlcs of the larvae Add~tlonally, abundance data were collected for taxonomic groups of larvae at our samphng location The majonty of Invertebrate larvae were palatable to consumers Most predators readily consumed polychaete larvae barnacle naupln, blvalve veligers shnmp zoeae, crab megalopae, phoronld actlnotrochs, and hemlchordate tornana (which together accounted for 65 "L of meroplankton abundance) s u g g e s t~n g that these larvae lacked effective morpholog~cal or chem~cal defenses Agalnst at least 1 fish predator, a significant number of gastropod vel~gers, barnacle cypnds, crab Loeae, and stomatopod larvae (which accounted for 34 % of meroplankton abundance) appeared to be morphologically defended Larvae from these groups tended to b e rejected whole, but \yere consumed by flshes once they were crushed A significant number of nemertean pilidia asterold biplnnana and c n~d a n a n planulae (which accounted for only 0 2 % of meroplankton abundance) were rejected both whole and crushed suggest~ng that some species or indlvlduals withln these taxa may be chemcally defended Thus, the majonty of larvae from t h s assemblage of temperate meroplankton lacked physlcal or chemlcal defenses a g a~n s t potential predators (3 flshes and 1 cnidallan) Among the remalrung larvae, physical resistance to predators was much more common t h~i n chemical resistance
INTRODUCTION
An important concept in larval ecology is the idea that most invertebrate larvae are readily consumed when they are captured by planktivores (Thorson 1946 , Young & Chia 1987 , Morgan 1995 . A large body of observational evidence supports the contention that larvae are palatable to consumers: (1) gut content analyses of potential larval predators demonstrate that many species of larvae are consumed by predators (Reeve & Walter 1978 , Feigenbaum & Mans 1984 , Sebens & Koehl 1984 , Young & Chia 1987 , Bingham & Walters 1989 , Cerking 1994 , Baier & Purcell 1997 ; (2) negative correlations exist between planktivore abundances and larval abundances in the field (Thayer et al. 1974 , Burrell & Van Engel 1976 ; (3) declines have been observed in the abundance of planktonic larval cohorts over time (Clynn 1973 , Rumrill 1990 and references therein), and (4) direct field observations have been made of the consumption of ascidian larvae that were followed from the time of their release (Olson & McPherson 1987 , Davis & Butler 1989 , Stoner 1990 . Despite the intense predation pressure that invertebrate larvae may face, field studies have demonstrated that predators are selective in their consumption of larvae (Hobson & Chess 1976 , Sebens & Koehl 1984 , Purcell & Nemazie 1992 . Additionally, laboratory investigations have shown that many invertebrate larvae possess behavioral (Forward 1977 , Morgan 1987 , morphological (Pennington & Chia 1984 , Morgan 1989 , Morgan & Christy 1996 , and/or chemi-cal (Lucas et al. 1979 . Young & Bingham 1987 , McClintock & Vernon 1990 , Lindquist et al. 1992 , Lindquist 1996 , Lindquist & Hay 1996 traits that reduce their susceptibility to predators. Therefore, larvae of different invertebrates may differ dramatically in their vulnerabilities to predators.
To determine how commonly defended larvae occur in a natural assemblage of planktonic larvae, we offered taxonomically diverse, field-captured larvae to 4 common predators: juvenile stages of 3 fishes, filefish Monacanthus hispidus, spot Leiostomus xanthurus, and pinfish Lagodon rhomboides, and a temperate coral, Oculina arbuscula. Spot and pinfish are among the most abundant fishes in the lower estuaries of North Carolina during spring and early summer (Weinstein 1979 , Hettler et al. 1997 , and both are voracious plankton feeders (Kjeslon et al. 1975) . Filefish can be important estuarine predators and are also abundant in the pelagic Sargassum community, where they reach densities of 75 ind. 1-' of Sargassurn plant (Stachowicz & Lindquist 1996) . Although adult filefish are mainly substrata feeders, juveniles consume a variety of planktonic prey items includmg invertebrate larvae (Clements & Livingston 1983 , S. G. Bullard pers. obs.). 0. arbuscula is a common member of the benthic hard-bottom community in North Carolina and can reach densities of 30 adult colonies and 4000 juvenile recruits m-' (Miller & Hay 1996) .
METHODS
Collection sites and organisms. Larval predators were collected from sites near Morehead City, North Carolina, USA. Juvenile spot (12 to 18 mm standard length) were collected with dipnets at the Dockside Marina, Morehead City. Juvenile pinfish ( l ? to 33 mm standard length) were seined from seagrass beds near Harkers Island, North Carolina. Juvenile filefish (17 to 28 mm standard length) were captured 32 km offshore from Morehead City, by passing dipnets under floating mats of Sargassum spp. Corals were collected from the deck of the 'Theodore Parker', a 134 m long sunken ship 3.5 km offshore from Atlantic Beach, North Carolina (10 m depth). Feeding assays were conducted from September to October 1996 for filefish, from March to April 1997 for spot, and in June 1997 for corals and pinfish.
Live invertebrate larvae used in palatability assays were captured in plankton tows taken from floating docks at the Dockside Marina. This location was chosen because of its large expanse of dock space (762 m2 total area), and because the extensive fouling community on the underside of the docks was likely to enhance the diversity of benthic invertebrate larvae captured. Additionally, the site was being used in a plankton abundance monitoring project, allowing the types of larvae captured during this study to be evaluated within a larger temporal context.
Plankton tows were taken with a 202 pm plankton net that had a 0.5 m2 rectangular aperture. All tows were 10 rnin passive surface tows taken 1.5 h before low or high tide. At these times, tidal flow averaged about 22.5 cm S-'. Thus, approximately 67500 1 of water were sampled in each tow. Once a plankton sample was obtained, the live plankton were rinsed with filtered seawater out of the cod end of the net and into a bucket. Then 5 pm filtered seawater was added to the sample until its total volume was 10 1. The sample was then transferred to the lab and gently aerated with aquarium bubblers. Palatability assays were always completed within 4.5 h of plankton capture. Most of the plankton were shll alive after 6 h, and some after 24 h.
Previous studies suggested that some sessile, softbodied invertebrates in tropical habitats release conspicuous, distasteful, short-lived larvae during daylight hours (Young & Bingham 1987 , Lindquist et al. 1992 , Lindquist & Hay 1996 , Lindquist et al. 1997 . If related temperate invertebrates release short-lived, distasteful larvae during the day, we would expect to find significantly more larvae to be rejected in the day samples than in the night samples for these taxa. However, because contrasting the palatability of day-versus night-captured larvae was very labor intensive, we ran day-night contrasts only for filefish. For these assays, plankton samples were not taken around sunrise and sunset (1 h before and after sunrise/sunset) so that larvae that exhibited die1 migrations would be present in only the day, or only the night samples, but not in both.
Larval susceptibility to predators. Predators used in feeding assays were maintained individually in 500 m1 plastic bowls filled with 400 m1 of 5 pm filtered seawater. Bowls were cleaned daily and kept in a flowthrough seawater table to main.tain a constant temperature. Predators were fed a mixed diet of frozen brine shrimp and 'squid-paste' (homogenized squid mantle tissue mixed with an equal volume of distilled water and gelled with sodium alginate at 2 % of the total wet weight, Lindquist & Hay 1995) . Predators were fed twice daily, once in the morning (at about 10:OO h) and once in the evening (at about 18:OO h). During days on which palatability assays were performed, the second feeding took place 1 to 1.5 h before the initiation of the palatability assay instead of in the evening. This feeding regime assured that the predators were well fed before the assay began so that they would not consume less palatable items simply because of excessive hunger. For filefish assays, on days when night-time palatability assays were conducted, fish received a total of 3 feedings at 10:00, 18:00, and 1 h before the night assay.
Because most larvae were small and difficult to see, each predator's bowl was cleaned before an assay. This made it easier for the observer, and perhaps the fish, to see the larvae. The cleaning followed the predators' second feeding and generally took 1 h. Palatability assays began as soon as all bowls were clean. 600 n11 sub-samples were taken from the wellmixed live plankton sample, placed into a 1 1 glass dish, and examined on bright-field and dark-field backgrounds with a 2 . 5~ magnification visor. Larvae were placed individually within a small drop of water on a clean polystyrene surface. Once 8 to 10 larvae were captured, each larva was identified to group (e.g. polychaete larvae, barnacle nauplii, crab zoeae, etc.) under 25x magnification and presented individually to the predators. Because we were interested in determining the commonality of larval defense in our temperate system, efforts were made to ensure that a diversity of larval forms were offered. Unique or rare larval forms were always selected, and as many different 'types' and sizes as possible of the more common larval forms (such as polychaete larvae and crab zoeae) were selected.
To present items (larvae or palatable brine shrimp controls) to fish, the tip of the pipette was placed approxinlately 2 cm in front of the fish and the item was squirted towards the fish. Fish generally attacked larvae or bnne shrimp within 0.5 to 2 S. If a fish did not attack the item within 5 S, the item was sucked back into the pipette, and the process was repeated until the fish attacked the item, the fish lost interest in the pipette, or the item was 'lost' in the dish. Fishes were offered control foods and larvae in sequence. Corals had a b~i n e shrimp placed onto 1 open polyp as a palatable control while a larva was placed simultaneously onto an adjacent open polyp.
Once a larva had been selected and identified, a piece of brine shrimp of approximately the same size as the larva was presented to a predator. This piece of brine shrimp served as a feeding control. If the bnne shrimp was consumed, the predator was assumed to be willing to feed and the assay proceeded. If the brine shrimp was rejected (taken into the mouth but then spit out), or if the predator was unwilling to sample the control, the predator was assumed to be satiated and was not used in that palatability assay.
After a fish had accepted the brine shrimp, it was offered an ~nvertebrate larva. Fish might not sample a larva because the fish had stopped feeding, the fish could not see the larva, or the fish was unwihng to sample the larva. As we were interested in examining the palatability of larvae (i.e. the predators willingness to consume a larva once it had been attacked), such fish did not provide any useful data during that particular assay. Fish rarely ignored larvae, which were sampled in about 95 % of our replicates. If the larva was sampled and consumed, the larva was recorded as palatable, and the assay with that particular fish was completed. If the larva was sampled and rejected (spit out), the rejected larva was recovered from the bowl, and the assay progressed to the next level.
There were 3 reasons why a larva might be rejected: (1) the predator became satiated after consuming the first piece of brine shrimp; (2) the larva possessed a morphological defense, or a combination of morphological and behavioral defenses such as spine flaring (Pennington & Chia 1984 , Morgan 1987 ) that made the fish unwilhng or unable to consume it; (3) the larva possessed a chemical defense that rendered it unpalatable. In a n effort to differentiate between these possibilities, additional steps were included in the assays. To test if the predator had become satiated, a second brine shrimp control was offered. This second control was never rejected, indicating that satiation never occurred during our assays.
Given that predators did not become satiated during assays, rejected larvae may have had a chemical or a morphological defense. To nulhfy most morphological resistance, rejected larvae were crushed thoroughly with a pair of forceps. By the end of this procedure, each larva was reduced to a n amorphous mass of tissue. The crushed larva was then re-presented to the predator that had initially rejected it. Acceptance of this crushed larva suggested that initial rejection was due to a morphological rather than a chemical trait.
Continued rejection of the crushed larva suggested that it was chemically defended or that the predator was satiated. Thus, a third brine shrimp control was offered to the predator to assess the possibility of satiation. This third control was rejected only once during feeding assays, and the results of that replicate were discarded.
For palatability assays, careful records were maintained to ensure that each individual predator received only 1 of each larval type, thus assuring independence among replicates. For example, once a particular predator had been offered 1 polychaete larva, that individual predator was not presented with a polychaete larva again. Differences between consumption of controls and larvae were evaluated using Fisher's Exact tests.
Temporal abundance of meroplankton. Changes in the abundance of meroplankton groups were monitored at the Dockside Marina from December 1995 to December 1996. Samples were collected at weekly intervals using a sampling regime that was fixed to tidal and lunar periodicity. Three replicate samples were collected 1.5 h before each slack tide during a a total of 12 samples were taken during 4 separate sampling periods (1 before each slack low and 1 before each slack high) within a 24 h period each week. Each sample consisted of a 5 min passive surface tow using the 202 pm plankton net described above. Current speed was recorded using a General Oceanics flowmeter (model 2030) that was held in place at the opening of the plankton net.
Once collected, samples were processed so that abundance calculations could be performed for each meroplankton group. The contents of the plankton net's cod end were rinsed into a bucket, and 5 pm filtered seawater was added to the sample until the total sample volume was 5 1. The 5 l sample was then well mixed and a 500 m1 sub-sample was withdrawn. This sub-sample was concentrated on a 102 pm sieve, rinsed into a 250 m1 Nalgene bottle, and preserved in 250 m1 of a 5 % buffered Formalin-seawater solution. During abundance enumeration, sub-samples were obtained from the preserved samples by mixing the 250 m1 sample and withdrawing a specific amount of the sample with a graduated syringe. The abundance of the more common meroplankton groups (polychaete larvae, barnacle nauplii, barnacle cyprids, and gastropod veligers) was determined by counting all individuals present in 3 replicate 5 m1 sub-samples. The abundance of all other meroplankton groups was determined by counting all individuals present in a 100 m1 sub-sample. Once raw plankton counts had been obtained for each sample, plankton numbers were converted to densities (no. m-3) using the data from the flow meter.
Identification of larval forms. Although we would have liked to determine the palatability of individual species of larvae, it was not possible to identify live, field-captured larvae to the species level. Instead we assessed the palatability of taxonomic groups. To better quantify the diversity of larval forms that were offered to filefish, a quasi-taxonomic examination was made of planktonic material collected during the time period when filefish palatability assays were performed (i.e. September to October 1996). During the processing of these samples, efforts were made to isolate and identify each of the different types of larvae that were present during sampling. For several taxonomic groups it was possible to identify larvae to species and/or stage, and for all major taxa it was possible to sort larvae into separate types. While we are not certain whether these types represented unique species, each type was morphologically distinct and easily distinguishable from other types. A representative of each larval type was photographed with a video camera and/or sketched to form an archival reference (available by contacting S. G . Bullard).
RESULTS

Palatability of larvae
Of the 1221 larvae offered to predators, 85.2% were consumed (Table 1) . Larval consumption frequencies for predators ranged from 72.9% for spot to 90.5% for filefish. This variation in feeding among the different predators could be due to different preferences for different larval groups, or to seasonal differences in the types of larvae captured during each assay period.
Of the larval groups offered to filefish, gastropod veligers and barnacle cyprids were consumed at significantly lower levels than brine shrimp controls (80 and 82 % consumed, respectively, compared to 100 % consumption of brine shrimp) (Fig. 1A) . Additionally, stomatopod larvae, which were captured most frequently at night, were also consumed significantly less often than the control food (30 % consumed compared to 100% consumption of brine shrimp) (Fig. 1B) . All of the rejected gastropod veligers, barnacle cyprids and stomatopod larvae were eaten once they were crushed, suggesting a morphological rather than chemical defense. Consumption of pilidia (larval nemerteans) nearly differed significantly from consumption of controls (p = 0.06, Fisher's Exact test), with unpalatable individuals being rejected both whole and crushed. Larvae in all other taxonomic groups were consumed by filefish at rates that were not significantly different from brine shrimp controls. There were no significant differences in the palatability of day versus night captured larvae (Fig. lA,B) . However, it should be noted that in several cases larvae of particular taxonomic groups (such as stomatopod larvae) were underrepresented in either the day-time or the night-time collections, precluding rigorous comparisons between times for these taxonomic groups.
Spot consumed significantly fewer gastropod vellgers, pilidia, barnacle cyprids, crab zoeae, and asteroid bipinnaria than brine shrimp controls (consuming 57, 53, 42 , and 9 % , respectively, compared to 100% for brine shrimp) (Fig. 1C) . Among these taxonomic groups, gastropod veligers, barnacle cyprids, and crab zoeae were accepted once they were crushed, suggesting a morphological defense. Pilidia and bipinnaria were rejected both whole and crushed, suggesting a chemical defense.
Pinfish consumed significantly fewer cnidarian planulae, gastropod veligers and crab zoeae than brine shrimp (61, 58, and 87%, respectively, compared to 100% for brine shrimp) (Fig. ID) . Gastropod veligers and crab zoeae were accepted once they were crushed, while planulae were generally rejected both whole and crushed, The biological relevance of the small (13 %), but statistically significant, proportion of crab zoeae rejected by pinfish can be debated; our large sample size for this assay (n = 40) provided more power than for most of our other assays. The results for crab zoeae would be relevant if the rejected larvae were of a single species; however, our data did not allow us to evaluate this possibility, For corals, only crab megalopae were consumed less than brine shrimp controls ( 2 7 % compared to 100%) (Fig. IE) . Megalopae, however, were not rejected by the corals, but rather struggled free from polyps before they could be consumed. 
Temporal abundance of meroplankton
Meroplankton abundance varied greatly between groups and months (Table 2) . Ranked in descending order of total annual abundance, the most common members of the meroplankton community were: polychaete larvae, gastropod veligers, barnacle nauplii, barnacle cyprids, bivalve veligers, crab zoeae, shrimp zoeae, crab megalopae, tadpole larvae, hemichordate tornaria, nemertean pilidia, asteroid bipinnaria, cnidarian planulae, and phoronid actinotrocha.
Diversity of larvae
Our assays included 12 larval forms, at least 18 separate species, and 51 larval types (Table 3) . Although individual species could be identified for only a subset of the larvae, characteristic larval types could be recognized for most taxonomic groups. The number of types identified within each taxonomic group varied from as low as 1 for Miiller's larvae (flatworm larvae) and phoronid actinotrochs, to as high as 14 for polychaete larvae. In many cases, various sizes and stages of larvae were present within individual larval species or types; for example, multiple stages were present within 3 species of barnacle nauplii and 3 species of crab zoeae.
DISCUSSION
For all larvae tested, 85% were readily eaten when whole. Within the taxonomic groups of larvae examined, polychaete larvae, barnacle nauplii, bivalve veligers, shrimp zoeae, crab megalopae, phoronid actinotrocha, and hemichordate tornaria (which together accounted f o~ 65% of meroplankton abundance) lacked morphological or chemical defenses that deterred feeding under our laboratory conditions. Larvae of the remaining taxonomic groups were consumed at significantly lower rates than the control food by at least 1 species of predator. Thus, a significant number of individuals from an undetermined number of species within these taxonomic groups had traits that deterred some consumers.
Within taxonomic groups showing some resistance to consumers, morphology seemed to deter feeding more commonly than chemistry. Gastropod veligers, barnacle cyprids, crab zoeae, and stomatopod larvae (which accounted for 34 % of overall meroplankton abundance), were often rejected while physically intact but were readily consumed when crushed, suggesting a morphological defense. Among nemertean pilidia, asteroid bipinnaria, and cnidarian planulae (which accounted for only 0.2 % of overall meroplankton abundance), more than 90% of larvae that were rejected whole were also rejected when crushed, suggesting that distasteful larvae in these groups are chemically unpalatable.
Our study used only field-captured larvae for palatability assays. Collecting larvae from the field has both advantages and disadvantages over culturing larvae in the laboratory. First, because many types of larvae, such as nemertean pilidia and stomatopod larvae, are difficult to obtain through laboratory culturing methods (Strathmann 1987) , field collection allows for a wider variety of larval types to be offered to predators. Second, larvae that have been collected from the field are representative of the 'natural' larval condition. Field-captured larvae have been exposed to their normal prey items, have been able to feed at natural rates and have already been exposed to some types of selection. Induced defenses or dietary derived defenses that might be present in natural populations may be absent from laboratory-reared larvae.
Counter-balancing the benefits of using field-captured larvae is the difficulty of adequately identifying them. Although it is easy to classify field-captured larvae to taxonomic groups (e.g. polychaete larvae, barnacle nauplii, etc.), it is very difficult, often impossible, to identify live, field-captured larvae to the species level. Therefore, we are uncertain how many different species of larvae were offered to predators during our assays. As it was our intention to determine the palatability of the greatest taxonomic diversity of larvae, sampling protocols were enlployed that helped maximize the number of larval forms obtained. In many cases, unique larval types were observed in the living plankton samples that were not subsequently seen in preserved archive samples. It is therefore likely that the number of species recorded from the archive samples (Table 3) for each larval group underestimated the number of larval types that were presented to predators. It should also be noted that in addition to specieslevel diversity there were often several different developnlental stages collected for some species. For example, multiple larval stages were present within 3 of 5 species of barnacle nauplii and 3 of 7 crab zoeae species identified.
Our methods tested for morphological and chemical defenses of larvae. Although behavioral evasion of predators may be common in larvae of some taxa (Forward 1976 , 1977 , Young 1995 , our assays tested only the outcome of a larva-predator encounter once the larva entered the predator's mouth. Larvae in our study were attacked by predators as soon as they were released from the tip of the pipette. Thus, we did not allow larvae to behaviorally evade predators. Additionally, some species of larvae may gain a spatio-temporal refuge from predators by avoiding portions of the water column where visual predators are active, or by being released at a time of year when predators are absent (Shanks 1986 , DeVries et al. 1994 . Our temporal abundance data, however, suggest that larvae at this temperate location are most abundant from spring to fall, the time period when potential larval predators are most abundant (Hay & Sutherland 1988) . Although our methodologies do not allow us to specifically assess the behavioral responses of larvae to predators, it is likely that some behavioral responses that may play a defensive function, such as spine flaring (Pennington & Chia 1984 , Morgan 1987 , were exhibited by some larvae in our study.
Species of some taxonomic groups such as sponges, benthic cnidarians, sea stars, bryozoans, and colonial ascidians are known to possess chemically unpalatable larvae (Lucas et al. 1979 , Young & Bingham 1987 , Lindquist et al. 1992 , Lindquist & Hay 1996 , McClintock & Baker 1997 . Larvae of these groups, however, were exceedingly rare in our plankton samples, and thus poorly represented in our palatability assays. Although larvae of these groups were rare in the plankton, adults of these groups are often the dominant members of fouling communities on North Car-olina hard-bottoms (Sutherland 1981 , Hay & Sutherland 1988 , and were abundant at the site where our plankton samples were taken. Since these organisms typically produce large, conspicuous larvae (Lindquist & Hay 1996) , it is unlikely that we failed to notice them in our samples. It is more plausible that these larvae were absent from the water column when we sampled. Very low numbers of these larvae were collected during our intensive year-long sampling program; we therefore hypothesize that the larvae of sponges, benthic cnidarians, bryozoans, and colonial ascidians were not abundant in the water column because they settled or were consumed shortly after their release (Olson & McPherson 1987 , Davis & Butler 1989 , Stoner 1990 .
Previous work has suggested that chemical defenses in larvae may be linked to life-history mode (Lindquist 1996 , Lindquist & Hay 1996 . Organisms that brood large lecithotrophic larvae have been suggested to have a greater tendency to produce chemically defended larvae than broadcast spawners that produce planktotrophic larvae (Lindquist & Hay 1996) . Few lecithotrophic larvae were available for our assays and so we cannot rigorously assess this hypothesis. However, 2 of the 3 taxonomic groups of larvae that appeared to have chemical defenses in this study were long-lived planktotrophs (nemertean pilidia and starfish bipinnaria). Chemical defenses in larvae, therefore, may be limited to certain taxonomic groups that are known to produce bioactive secondary metabolites in the adult stage, rather than being tied to specific reproductive traits.
CONCLUSIONS
The vast majority of field-captured larvae were readily consumed by predators. For those individuals or species that were rejected by consumers, morphological defenses appear to be more common than chemical defenses. However, larval defenses in general seem to be uncommon among temperate meroplankton. These findings suggest that the broadly assumed, but largely untested, notion that most planktotrophic larvae are palatable (and thus are very susceptible to co-occurring predators) is justified-at least for the system we investigated.
